Abstract Land development often results in adverse environmental impact for surface and subsurface water systems. For areas close to the coast, land changes may also result in seawater intrusion into coastal aquifers. Due to this, it is important to evaluate potential adverse effects in advance of any land development. For evaluation purposes a combined groundwater recharge model is proposed with a quasi three-dimensional unconfined groundwater flow equation. The catchment water balance for a planned new campus area of Kyushu University in southern Japan, was selected as a case study to test the model approach. Since most of the study area is covered with forest, the proposed groundwater recharge model considers rainfall interception by forest canopy. The results show that simulated groundwater and surface runoff agree well with observations. It is also shown that actual evapotranspiration, including rainfall interception by forest canopy, is well represented in the proposed simulation model. Several hydrological components such as direct surface runoff rate, groundwater spring flow rate to a ground depression, trans-basin groundwater flow etc., were also investigated.
INTRODUCTION
The hydrological system integrates several processes such as rainfall, evapotranspiration, surface runoff, unsaturated flow and saturated subsurface water movement. Despite decades of research efforts into individual processes, input of scientific developments into practical problem-solving techniques has been limited (e.g. Klemeš, 1983; Van Lanen & Demuth, 2002) . This may be due to rather complicated procedures proposed to the practitioner, such as procedures of estimation of groundwater recharge rates to shallow groundwater. Groundwater recharge may be described by unsaturated flow through surface humic soil, weathered clay and fractured rock. In spite of well defined unsaturated flow theory (e.g. Beven, 1987) , such a system can hardly be evaluated without sufficient hydrogeological information and without the aid of numerical simulation using a fine grid mesh. Even if these requirements are satisfied, the evapotranspiration is still not easily estimated, although there are many formulae for calculating potential evapotranspiration (e.g. Penman, 1948; Kristensen & Jensen, 1975; Monteith, 1981) . As a result, unreliable recharge and evaporation rates are often used in solutions of practical problems involving groundwater flow.
Rapid urbanization leading to changed ground surface conditions often means that the time available for planners to include hydrological conservation strategies is not sufficient. Alteration of land use, especially the introduction of impermeable areas, induces a rapid and increased surface runoff and less recharge to shallow groundwater. These adverse effects are typically found in rapidly growing metropolitan areas where infrastructure development is lagging behind the pace of urbanization (e.g. Lindh, 1983) . Saltwater intrusion is also a serious environmental issue near coastal areas.
In order to adequately manage the local hydrological cycle due to land-use changes, the above key hydrological processes need to be effectively foreseen with a level of confidence. The most important requirements of a practitioner estimating future groundwater flow would be: (a) availability of an easily understandable and transparent model, (b) simplicity in the evaluation of groundwater recharge rate based on direct use of groundwater data, and (c) flexibility regarding the representation of land-use change in the model.
In the present paper, a simple but efficient model to simultaneously calculate groundwater recharge and surface runoff is proposed. Further, the quasi threedimensional (3-D) salt-and freshwater two-phase flow groundwater equation, linked with the proposed groundwater recharge model, is numerically solved for the study area. The model accuracy is confirmed by comparing the numerical solution with observations. To justify the model concept, the complete water balance in a small catchment within the study area is discussed in detail. Also, calculated direct surface runoff calculated by the present model is compared to results of a lumped four-stage tank model by Sugawara (1995) . Finally, the groundwater recharge rate from the fourstage tank model is compared to the present model results.
METHODOLOGY

Groundwater recharge model for shallow unconfined groundwater
The approach to model groundwater recharge involves a simplified methodology. Numerical simulation of unsaturated flow requires a small grid size in order to repre-sent the large gradient of unsaturated hydraulic pressure following a rainfall event. However, this requirement is unfeasible if the groundwater table is at some depth and the calculation area is large. In other words, large-scale calculation domains often make it impractical to use numerical models with very small grids. A further factor that makes numerical simulation difficult is the boundary condition at the soil surface. Unless detailed observations of meteorological and soil physical variables exist, information for calculating actual spatial evapotranspiration and rainwater infiltration is not available. Hence, a simplified groundwater recharge model is proposed that still contains a description of fundamental physical processes.
The conceptual groundwater recharge model is illustrated in Fig. 1 . It functions as a vertical tank storage with an outlet at height R 0 and an outlet coefficient a L . The R 0 corresponds to the field capacity of the soil and a L controls the groundwater recharge rate q w (t) from the tank. The recharge induces a rise of the groundwater table. Further, the rainfall interception is denoted by r int (t) and rainfall that reaches the ground surface r(t) is calculated by r(t) = r total (t) -r int (t), where r total (t) is the total rainfall intensity. For areas without trees, r(t) = r total (t). The rainfall that reaches the ground surface is then separated into two components: the surface runoff, whose rate is given as F(r)⋅r(t) and the infiltration, with rate [1 -F(r)]⋅r(t), as shown in Fig. 1 . Here, F(r) denotes the surface runoff coefficient as a function of rainfall intensity.
Evapotranspiration reduces water stored in the tank by EVT 1 (t). If the water in the tank is exhausted, evapotranspiration can still occur by water uptake denoted by EVT 2 (t) from the groundwater through the unsaturated zone and the root zone as explained by Bouwer (1978) . This may occur if the vertical distance between the ground surface and the unconfined groundwater Fig. 1 Groundwater recharge model for unconfined groundwater. Anderson & Woessner (1992) who considered water uptake rate from the groundwater as a linear function of depth of the water table less than H g * . The actual evapotranspiration can thus be estimated as the sum of r int (t), EVT 1 (t) and EVT 2 (t). It is obvious that the actual evapotranspiration by the present procedure varies over the region depending on tank properties and the groundwater level.
The following equations describe the change in water level stored in the tank as illustrated in Fig. 1 . Equation (1) expresses the change in tank water level, h w (t), and equation (2) gives the recharge rate to the unconfined groundwater:
where Y{h w (t) -R 0 } is a step function equal to 1 for h w (t) > R 0 and 0 for h w (t) < R 0 . The outlet coefficient a L has the unit h -1 , and q w (t) is the recharge rate to groundwater. The q w (t) divided by effective porosity n e can be approximated as the groundwater table rising rate. For conditions before a significant horizontal groundwater flow occurs, the following relation may be applicable:
where h fobs (i,t) denotes observed groundwater level at location i. Four model parameters F i (r), a L , R 0 and n e need to be determined. The value of F i (r) depends here on hourly rainfall intensity. Equation (4) defines the surface runoff coefficient F i (r) for location i. The parameter F i in this equation depends only on the ground surface condition and corresponds to the surface runoff coefficient. For example, F i may be close to 0.3 for forest areas and close to 0.8 for asphalt areas (see e.g. Ven Te Chow, 1964, for typical values) . Typical values of F i used in Japan are shown in Table 1 . The advantage of equation (4) is that practitioners can apply typical local F i values that best describe the ground surface conditions. Consequently, the following surface runoff coefficient for location i is adopted:
where (r) 1/2 is the value of r(t) when F i (r) is equal to F i /2. If typical F i values are adopted, such as exemplified in Table 1 , then only (r) 1/2 is an undetermined parameter in the equation.
Parameter estimation
The amount of spatial information regarding rainwater infiltration increases when the number of groundwater observation wells increases. The individual response to rainfall of each well may be used to calibrate the model. In general, the infiltration rate is the driving variable for the quasi 3-D groundwater flow simulation. If the variation in groundwater level is not accurately simulated, the infiltration rate as well as the permeability of the aquifer may have to be adjusted. However, this approach requires much calculation effort and may result in unreliable parameter estimation. It is assumed that significant horizontal groundwater flow will not occur until infiltrated rainwater reaches the groundwater table. This assumption enables one to identify the parameters used in the groundwater recharge model independently of the numerical simulation of groundwater flow. The four unknown parameters in the groundwater recharge model can be determined in the following way. The outlet level R 0 is defined as the maximum value of the total rainfall amount that does not induce a significant rise in the groundwater table at a certain observation well. Thus, R 0 is empirically estimated from observations. The effective porosity can be evaluated by traditional soil analysis, but can also be evaluated by dividing the groundwater recharge by the observed rise in the groundwater table for each rainfall event. The values of (r) 1/2 and a L can be found by minimizing the function J:
where h fobs (i,t) and h fcal (i,t) represent observed and calculated groundwater level by equations (1)-(4), respectively, and N is the number of time steps for selected rainfall events.
Scheme for calculating actual evaporation of intercepted rainfall
Evapotranspiration is a key factor in calculating the regional water budget. Much research on forest hydrology has been carried out during the last decades (e.g. Leyton et al., 1967; Johnson, 1990; Klaassen et al., 1996) . However, due to the difficulty in collecting necessary meteorological data, it is still cumbersome for the practitioner to apply these developments. Besides, the problem remains of estimating actual evapotranspiration from potential evapotranspiration, while considering interception by forest canopy, soil water content in the unsaturated soil zone and depth of groundwater table. In the following section, a simplified scheme for calculating the actual evapotranspiration is presented. Kondo et al. (1992) presented potential evapotranspiration for a forest covered by trees of 15 m height and a leaf area index (LAI) equal to 6 in summer and 3 in winter. In their study, data from 66 regional meteorological stations in Japan were used for determining interception. The heat balance-bulk method was applied to calculate transpiration and direct evaporation of intercepted rainfall. Figure 2 shows the monthly precipitation and estimated monthly rainfall interception by Kondo et al. (1992) and, hence, the direct evapotranspiration from the forest canopy. Equation (6) describes the broken line in Fig. 2 and can be used to calculate direct evapotranspiration for an arbitrary monthly precipitation:
Rainfall interception by forest canopy
where r M denotes monthly rainfall and I M monthly interception. The mean annual interception from 1986 to 1990, given by Kondo et al. (1992) , was 305 mm year -1 for a mean annual precipitation of 1519 mm year -1 (approximately 20%). Ogawa et al. (2001) reported that the rainfall interception was 126.7 mm, transpiration was 101.8 mm and the throughfall was 267.0 mm during the periods 15 July- 15 September, 11-26 November and 1-14 December 1999. For the same periods, the total rainfall was 495.5 mm. The ratio of interception for this period was 25.6%. Fukushima & Suzuki (1987) also reported that the observed rainfall interception accounted for 20% of the precipitation from 1971 to 1981, based on water balance calculations. It therefore appears reasonable to use the suggested empirical relationship for estimating interception by forest canopy at the study area.
Calculation of hourly potential evapotranspiration
It is necessary to convert given monthly potential evapotranspiration and direct evaporation from the canopy to hourly values for use in the numerical simulation. Kondo et al. (1992) calculated potential evapotranspiration by evaluating three subprocesses: (a) transpiration from trees, (b) evaporation from the forest ground surface, and (c) direct evaporation. They also considered three cases: (i) only transpiration from trees for days with no rain, (ii) both transpiration and direct evaporation for days with rainfall below 5 mm day -1 , and (iii) only direct evaporation for days with heavy rainfall ( 5 mm day -1 ). The evaporation from the forest ground surface is assumed to be negligible. The procedure to decompose monthly to hourly values then becomes: -Substitute monthly rainfall r M into equation (6) to obtain monthly direct evaporation I M from the forest canopy. -Calculate monthly potential evapotranspiration from the ground surface, EVT g , (mm month -1 ) by:
where EVT pTH represents monthly potential evapotranspiration calculated by the Thornthwaite method.
-Count the number of no rain days, n a , and days with little rainfall, n b , in order to calculate the hourly potential evapotranspiration EVT gh (mm hour -1 ) by:
Water uptake from groundwater through the unsaturated zone
From the groundwater table, capillary water flows upward, or alternatively water uptake by trees can take place, if the distance H g is smaller than H g * in Fig. 1 . This effect will be significant for areas along streams and springs where the groundwater table is shallower than H g * . On the other hand, this effect does not take place if the groundwater table is deep. In the former case, additional evapotranspiration, EVT 2 (t), may occur after the groundwater recharge tank becomes empty and conditions allow for more potential evapotranspiration. The following procedure summarizes the calculation of EVT 1 (t) based on the above conditions (time between 06:00 and 18:00 h for days without rainfall, and between 09:00 and 15:00 h for days with little rainfall (<5 mm day -1 )) (Kondo et al., 1992) . If the groundwater recharge tank is not empty after t, then:
If the groundwater recharge tank is empty after t, then:
Equation (10) implies that the evapotranspiration lasts until the tank becomes empty. Obviously, then: (11) for the remaining period. Furthermore, additional evapotranspiration EVT 2 (t) occurs if the groundwater is shallower than H g * according to: (12) and for the other case:
The term EVT 2 (x,y,t) in equation (14) below corresponds to equations (12) or (13). However, note that the above conditions depend on the numerical solution of groundwater level, h f (x,y,t), which is obtained by equations (14) and (15) presented in the next section. Figure 3 shows the flow chart for the above calculations. The present model also allows one to obtain catchment distribution of actual evapotranspiration, since H g can be determined spatially. Anderson & Woessner (1992) state that H g * varies between 1.8 and 2.4 m, depending on the depth of plant roots. In the present study, H g * values of 1.5 and 2.5 m were investigated in a sensitivity analysis.
Coupled quasi three-dimensional immiscible two-phase groundwater flow model
The quasi 3-D salt-and freshwater two-phase groundwater flow equation was applied in the present simulation, since one of the main interests was to assess potential saltwater intrusion into an unconfined aquifer. The proposed groundwater recharge model is linked to the unconfined fresh groundwater flow equation as an external term in equation (14). Equation (15) describes the salt groundwater flow and is not linked to the groundwater recharge model, since the unconfined fresh groundwater is only directly connected to the ground surface. Like most numerical simulation programs, equation (14) allows calculation of groundwater runoff to rivers and soil surface depressions where the groundwater table exceeds the elevation of ground surface.
The basic equations describing groundwater flow are:
where h f (x,y,t), h s (x,y,t) and b(x,y) are fresh groundwater elevation, two-phase interface elevation and impermeable base elevation taken from the reference level, respectively. The term Q m (x,y,t) is the water extraction rate by pumping at location (x m , y m ) at time t. The delta functions (x -x m ) and (y -y m ) represent the location of the pumping well. The term q w (x,y,t) represents the groundwater recharge by equations (1)-(2). Note that all necessary parameters such as R 0 , n e , (r) 1/2 , a L and F can be identified in advance where the groundwater level is monitored. In the expression for q w , the spatial coordinate (x,y) is included. The last two terms in equation (14) are simultaneously calculated according to the flow chart in Fig. 3 .
Darcy's law gives the relationship between the cross-sectional velocity components in equations (14) and (15) and the piezometric head in both freshwater and saltwater regions according to:
where u f and u s denote the freshwater and saltwater components, respectively, in the x direction, and v f and v s denote these components in the y direction. The permeability k varies spatially but is assumed uniform in the vertical direction down to the impermeable base. It is also assumed that k is isotropic. The terms φ f and φ s represent the piezometric heads. The gravitational effect of the density difference between the fresh-and saltwater s = s -f is considered in the second part of equation (16), where the subscripts s and f represent saltwater and freshwater, respectively. If h s (x,y,t) in the two-phase region, where both the freshwater and saltwater coexist, becomes lower than the impermeable base, then h s (x,y,t) needs to be replaced by b(x,y).
STUDY AREA AND NUMERICAL SIMULATION
Hydrological environment of study area , which extends to the upper region of the S2 station, was selected to test the validity of the groundwater recharge model and to estimate water balance. This area is shaded in Fig. 4 . A double circle depicts observation wells for electrical conductivity (EC) and black points indicate groundwater level observation wells. In total, 27 wells were instrumented by automatic water pressure gauges to observe water level. The water level in these wells was monitored every hour during 1995-2000. The broken line along the boreholes B-2, B10-1, B10-2 and B7-1 indicates the cross-section 1 where the vertical profile of EC was observed. Similarly, four other broken lines indicate the cross-sections to check the vertical profiles of EC.
Meteorological observational data were taken from the Maebaru Local Weather Station, which is located 5 km from the study area. These observations were used under the assumption that local deviations in rainfall and temperature between the meteorological station and the study area are small. Flow observations were made at S2 for the river discharge and Sp1 for the spring rate, a small groundwater spring contributing to the flow in the river, by standard triangular weirs and automatic water pressure gauges. Water levels were recorded every 20 min. Data for pumping rates to greenhouse farms were also collected. The domestic consumption of each household was assumed to be 1 m 3 day -1 . The depth of the impermeable base was determined through borehole logs and geophysical sounding analyses. The permeability was assigned based on the geological structure and permeability test at the boreholes. Minor adjustment was also made when there was a systematic deviation in the mean groundwater elevation between the observed and simulated values. Thus, the permeability k was assigned to be of the order of 10 -3 to 10 -4 cm s -1 for the alluvial lowland area and 10 -3 to 10 -5 cm s -1 for the weathered granite and the schist areas. In the study area, groundwater is extracted for greenhouse farming at a rate of approximately 700 m 3 day -1 , for domestic use at 400 m 3 day -1 and at about 10 m 3 day -1 for wineries. Current groundwater problems include saltwater intrusion in the unconfined aquifer. Specifically, upconing of saltwater in the vicinity of the pumping wells is a serious concern. Construction of a new university campus area is anticipated to reduce the groundwater flow toward the residential areas. Therefore, hydrological components such as surface runoff discharge, groundwater recharge to the shallow groundwater, groundwater spring flow rate to the ground surface, groundwater level and movement of freshwater and saltwater need to be analysed.
Numerical simulation
An explicit finite difference scheme for both equations (14) and (15) was applied. The accuracy to simulate the saltwater wedge using the present method was studied by Ueda et al. (1981) . In this study, the wedge of interface and the movement of the freshwater/saltwater interface were accurately predicted by equations (14) and (15). The parameter F used for the surface runoff coefficient was taken from Table 1 . The calculation domain shown in Fig. 5 was divided into 8182 grids with a grid length of 50 m in the x direction and 25 m in the y direction. The time increment was set to 15 min taking into account the stability criteria for the parabolic terms in equations (14) and (15). Input from the groundwater recharge model was introduced at every grid point of the modelled domain. The parameters of the groundwater recharge model were determined in advance by analysing recorded variation of the groundwater table at adjacent observation wells. Boundary conditions are shown in Fig. 5 . For the A-B boundary, where the ground surface elevation ranges from 30 to 52 m a.m.s.l., a fixed groundwater level ranging from 16 to 24 m was assigned. The C-D boundary has an elevation of 18 m a.m.s.l., and a groundwater level of 17 m was assigned uniformly along the boundary. The mean seawater level was assigned to both the fresh and salty groundwater along the E-F boundary, because this boundary is close to a tidal river reach affected by seawater. The other boundaries B-C, D-E, and F-A, correspond to water divides and zero flux boundary condition was assigned to these.
RESULTS
Rainfall-runoff analysis
In order to clarify basic hydrological processes in the study area, rainfall-runoff properties, specifically the direct surface runoff and rainwater infiltration components, were analysed. For this purpose, a four-stage rainfall-runoff tank model was used to separate the river discharge into the runoff components (see e.g. Sugawara, 1995) . These separated components can be utilized to verify the present groundwater recharge model by comparing the direct surface runoff component and the rainwater infiltration rate. River discharge at the S2 station (Fig. 4) was used in the model, together with observed hourly rainfall and daily temperature from the nearby meteorological station. Figure 6 shows the monthly rainfall and corresponding river discharge. The discharge is characterized by large flows in June-August, corresponding to the rainy Damming up by irrigation weir June, 1996 Fig. 6 Monthly precipitation and river discharge at S2 from January 1996 to January 2000.
season. The crosses in the figure represent months when local farmers dammed the river for irrigation purposes. On average, monthly river discharge was approximately 21 600 m 3 month -1 (85.6 mm month -1 ). The average annual river discharge during three years was 1022 mm year -1 , corresponding to rainfall of 1761 mm year -1 . Long-term river runoff is related to groundwater flow. Consequently, direct surface runoff gives significant information for groundwater flow simulations (since losses correspond to rainwater infiltration). The direct surface runoff was first estimated using standard graphical baseflow separation. According to this the surface runoff component accounts for a maximum of about 10% of the total rainfall.
Further, a complete year (1997) was simulated using the four-stage tank model. The simulated discharge corresponded to 1116 mm year -1 and this value was close to the observed 1074 mm year -1 at S2. The difference of 42 mm year -1 accounts for 3.9%, being within error and uncertainty limits. The direct surface runoff component was estimated by this model to be 242 mm year -1 (12.7% of total rainfall). This can be compared to the 10% estimated by the graphical baseflow separation method. The baseflow runoff component was 875 mm year -1 and the calculated total runoff expressed as the summation of direct and intermittent flow components was 58.7%. The actual evapotranspiration, which was sequentially taken out from the first, second and third tank levels, accounted for 599 mm year -1 in 1997. This value constituted 72% of the potential evapotranspiration (830 mm year -1 ) calculated by Thornthwaite's method.
Groundwater recharge analysis
As mentioned previously, the groundwater recharge model is linked to the unconfined fresh groundwater flow equation as an external term in equation (14). The numerical simulation of the phreatic groundwater table and immiscible saltwater/freshwater interface was run from 1 April 1995 to 31 December 1999 so that a validation period 1997-1999 was included. The first two years, 1995-1996, were included as a self- adjusting period for both fresh and salty groundwater flows starting from assumed initial conditions. Here, H g * was assumed equal to 1.5 m. Figure 7 shows the results of groundwater simulations at well WL-16 in 1997 WL-16 in -1999 . As seen from the figure, the groundwater table responds quickly to rainfall. Although a relatively significant deviation is at hand between simulated and observed groundwater levels, especially in the autumn periods of 1998 and 1999, a rather reasonable agreement was obtained for other periods.
Generally speaking, the assumption of immiscible interface between the fresh and salty groundwater is valid for a relatively large scale in a natural equilibrium condition, where the mixing zone of freshwater and saltwater is small compared to the horizontal scale. On the other hand, groundwater exploitation may cause a local-scale disturbance and result in salt contamination. In the present study area, two such situations were observed: an area with relatively clear interface and an area containing low electric conductivity around 500 µS cm -1 in the fresh groundwater region above the dense saltwater region. Five vertical sections were chosen for calibrating the elevation of the immiscible interface-indicated in Fig. 4 by the broken lines in the northern part of the study area. The cross-section 1 was chosen because of the presence of natural conditions with no greenhouse pumping wells or residential buildings. Figure 8 shows cross-section 1 and details of the vertical distribution of electric conductivity. There are several drainage channels in the lowland area. In order to analyse their influence on the groundwater drawdown and subsequent upconing of saltwater, several test runs by equations (14) and (15) were carried out at the five cross-sections. It was found that the numerical simulation without the channels was not able to represent the observed depth of the interface. On the other hand, the calculated results with channels at measurement wells B7-1 and B10-1 seem to coincide with the observed depth. The tip of the interface without channels could only intrude to the location of measurement well B7-1 at the cross-section 1. The other cross-sections 2-5 showed similar behaviour. Konikow & Reilly (1999) suggested that drainage channels not only facilitate the draining of freshwater, but also could induce upconing in lowland areas. Although more precise investigation is necessary, it seems that the channels in the present study area have similar influence. To summarize, the simulation model coupled with the groundwater recharge model could be used to assess a hydrological impact on the groundwater environment in the study area.
Water balances and sensitivity analysis
General hydrological components Several components that characterize the surface and groundwater processes at the upper Sabo Dam catchment were investigated. These components are listed in Table 2 . Here, GW in and GW out denote the groundwater inflow and outflow through the surface water divide, which were calculated by integrating the flow rate across the surface water divide surrounding the Sabo Dam catchment in Fig. 4 .
The quantity DS (= Gr + S p2 + Q d , where S p2 is groundwater discharge to soil surface depression in m 3 year -1 ) represents the total river discharge downstream of the Sabo Dam. The measured river discharge TD at S2, defined as TD = DS+S p1 (where S p1 is the groundwater spring rate in m 3 year -1 ) is also a significant variable. The bottom of the Sabo Dam does not reach the impermeable base and allows the groundwater to flow downstream. This groundwater is consequently not observed at S2. Also due to this, river water can infiltrate into the ground. The infiltrating river water may be a significant part when the river discharge is small. The total river discharge at S2 is Notes: annual precipitation total : 1 761mm year -1 ; observed river discharge at S2: 259 314 m 3 year -1 ; potential evapotranspiration by Thornthwaite's method: 849 mm year -1 . * These numbers represent the annual water yield in mm year -1 divided by the Sabo Dam catchment area (0.25 km 2 ). Numbers without asterisk represent the absolute annual water yield in m 3 year -1 , taking place in the larger area including the Sabo Dam catchment area. The spatial distribution of annual average actual evapotranspiration in case 1-2 is shown in Fig. 9. therefore not observed. However, the present numerical simulation does not consider this.
Since some components such as groundwater inflow GW in , outflow GW out , and groundwater discharge S p1, are considered to take place across the surface water divide, the total values are presented below without being divided by the Sabo Dam catchment area. The components presented herein are mean values for the period 1 January 1997-31 December 1999.
Strictly speaking, the groundwater recharge model at WL-16 is not applicable, because it is not located in the Sabo Dam catchment. Because of this, a sensitivity analysis for H g * and R 0 in the Sabo Dam catchment area were made. The terms H g * and R 0 are considered to be more related to topographical conditions and they will influence the water balance evaluation more than the parameters n e , a L and (r) 1/2 , since the latter three parameters mainly depend on soil properties. In general, as seen in Table 2 , rainwater recharge to groundwater q w (t) is affected by R 0 . It decreased by 60-100 mm year -1 when R 0 increased from 9 to 20 mm (about 27 000 m 3 year -1 ). This is due to the fact that the larger R 0 becomes the less rainwater stored in the recharge tank can infiltrate.
The annual incoming water volume is calculated as r total ⋅A + GW in , where A denotes catchment area, and is shown in . Although one cannot avoid a discretization error in the numerical simulation, this difference is negligible compared to general observational errors and uncertainties. Although there are some uncertain factors arising from the insufficient hydrogeological data and the application of the quasi 3-D groundwater flow equation with a rather coarse grid mesh system, the present simulation model is able to represent the fundamental hydrological mechanism in the study area.
The groundwater flow rate GW dam is less sensitive to H g * and R 0 . The groundwater flow only decreased by 70 m 3 year -1 for increasing H g * and also decreased by 300-600 m 3 year -1 for increasing R 0 . The groundwater spring rate S p1 decreased by 80 m 3 year -1 for increasing H g * and also decreased by 500-900 m 3 year -1
with increasing R 0 . The difference in calculated and observed spring rate corresponds to -22 800 m 3 year -1 . This may have two reasons: (a) the Sabo Dam may interfere with the river flow thus damming up the surface water, which resulted in increasing infiltration into the ground, and/or (b) a too-coarse grid size in the numerical simulation and limitations to represent local 3-D groundwater flow. This is further discussed below. Both groundwater flow rates across the surface water division GW in and GW out decreased with increasing H g * . On the other hand, GW in increased when R 0 increased, while GW out decreased. Accordingly, relatively significant changes in these components occurred. The response of GW in and GW out were not the same because H g * affects mainly areas along the river reach while R 0 affects the entire catchment areas. It should be noticed that the difference between GW in and GW out was rather small. of an average annual precipitation of 1761 mm year -1 (11.3%) for the three observation years. On the other hand, the direct surface runoff estimated by the graphical analysis and the four-stage tank model were 10 and 12.7%, respectively. Consequently, it can be concluded that the present surface runoff coefficient F i (r) given by equation (4), or in other words the groundwater recharge rate [1 -F i (r)], separates the rainfall at the ground surface reasonably well.
Actual evapotranspiration
Actual evapotranspiration is calculated as EVT 1 + EVT 2 + r int . The value of EVT 1 is not affected by increasing H g * , while EVT 2 as a catchment average increased from 3 to 5 mm year -1 with a change in H g * . Although the increase in EVT 2 seems to be small on a catchment scale, there is a significant increase along the Obaru River. Figure 9 shows the spatial distribution of annual average actual evapotranspiration in case 1-2 in Table 2 . It has been observed that EVT 1 depends on R 0 more strongly than EVT 2 does. The value of EVT 1 increased, while that of EVT 2 decreased for increasing R 0 . This response can be understood by the fact that more rainwater is stored when R 0 is large. 
Total discharge
The total discharge TD at S2 is the summation of DS + GW dam + S p1 . The value of TD is not much affected by H g * . Figure 10 shows a comparison between observed and calculated total river discharge for different time periods. The broken line with crosses depicts river discharge Qcal_T calculated by the four-stage tank model and the thinner line with triangles shows results from the groundwater recharge model (Qcal_R). Figure 10 (a) shows the annual discharge. As seen from the figure, both model results display similar values. However, the calculated TD was generally larger than the observed runoff. This is especially the case for the third year (1999). The main reason for this difference is probably the outflow of groundwater beneath the Sabo Dam foundations. The calculated monthly TD in 1997 at S2 shows good agreement, except for the winter season when discharge is lower (Fig. 10(b) ). Also, when looking at discharge at a daily time step (Fig. 10(c) ), the two models agree rather well. However, runoff components for shorter time periods (hourly) display a faster response and decrease, especially in the value of Qcal_R. This can be explained by the fact that the surface runoff component Q d was simply calculated by F(r)⋅r without considering the time delay for overland flow. However, this process was not considered in this study.
Comparison of recharge results from four-stage tank model and groundwater model
The groundwater recharge rate into the groundwater system is often assumed to be equal to the infiltration rate from the bottom outlet of the lowest tank in tank model simulations. In general, there is little discussion in the hydrological literature on the validity of such an assumption. In the following section, calculated groundwater recharge rate from the four-stage tank model for different time periods is compared to recharge rates by the proposed model (cf. Fig. 1) . Here, the comparison refers to the case in which groundwater recharge rate is q w (t) while R 0 = 15.0 mm and H g * =1.5 m. Figure 11 shows a comparison between the calculated recharge from each tank of the four-stage tank model and the groundwater recharge model, respectively, for different time periods. The terms I 1 , I 2 and I 3 represent the outflow rates from the bottom outlets of the first, second and third levels, respectively, in the tank model. The term q w (t) represents the recharge from the groundwater recharge model shown in appear closest to q w (t). This overall impression is confirmed when looking at monthly recharge values in Fig. 11(b) . Figure 11 (c) shows the same comparison for daily data during September 1997, where I 1 and q w (t) give similar response to the major rainfall event on 6 September. However, the smaller rainfall events on 3 and 16 September only give response in I 1 and not in q w (t). For hourly values, none of the tank outlet rates is very close to q w (t).
CONCLUSION AND DISCUSSION
Hydrological processes in the planned new campus of Kyushu University, Fukuoka, Japan, in the Sabo Dam catchment were investigated using a quasi 3-D freshwater/ saltwater two-phase groundwater model coupled with a groundwater recharge model. The following results were obtained: -The proposed groundwater recharge model is able to account for basin-scale groundwater level responses to groundwater recharge. The advantage of this model is that parameters in the recharge model are obtained independently from the numerical simulation of the groundwater flow. -The surface runoff coefficient F(r) as a function of hourly rainfall intensity can easily be modified if land cover or land use is changed. The rainfall interception based on the existing data set was incorporated in the estimation of actual evaporation. The groundwater recharge model combined with the groundwater flow equation was also able to estimate the actual evapotranspiration from groundwater by considering the extinction depth H g * . The parameters describing the outlet level R 0 and H g * were the most important for correctly estimating the catchment water balances. Several important hydrological components were calculated by the present numerical model. In most cases they were in good agreement with observations. -The specific surface runoff analysis by a four-stage tank model was carried out in order to confirm the validity of direct surface runoff estimation by the groundwater recharge model and to compare the rainwater infiltration. The direct surface runoff obtained by the groundwater recharge model was approximately 11.0%. Similar results were obtained by the four-stage tank model. It was revealed that the monthly groundwater recharge rate by the tank model was similar to results from the proposed model, while the daily and hourly recharge rates were not. It is therefore important to pay attention when the rainwater infiltration from the bottom outlet of the four-stage tank model is used for the groundwater recharge rate estimation.
In conclusion, the proposed groundwater recharge model is simple but can function properly to model the rainwater infiltration and surface runoff. The validity of the model, which is linked to the quasi 3-D two-phase groundwater flow equation, was verified by both surface and subsurface hydrological observations. However, it was found that the outlet level R 0 and the extinction depth H g * need to be further investigated.
